Cross sections for the 47 Ti(n,p) 47 Sc and 64 Zn(n,p) 64 Cu reactions have been measured for quasi-monoenergetic DD neutrons produced by the UC Berkeley High Flux Neutron Generator (HFNG). The HFNG is a compact neutron generator designed as a "flux-trap" that maximizes the probability that a neutron will interact with a sample loaded into a specific, central location. The study was motivated by interest in the production of 47 Sc and 64 Cu as emerging medical isotopes. The cross sections were measured in ratio to the 113 In(n,n') 113m
Introduction
There has been significant interest in the past several years in exploring the use of neutron-induced reactions to create radionuclides for a wide range of applications. This interest is due to the volumetric absorption of neutrons as compared to charged particle beams (ranges of g /cm 2 as compared to 10's of mg /cm 2 ), together with the fact that isotope production facilities often produce large secondary neutron fields. Particular interest has been paid to (n,p) and (n,α) charge-exchange reactions since these reactions produce high-specific activity radionuclide samples without the use of chemical carriers in the separation process.
Two other potential neutron sources for (n,x) reactions exist in addition to the secondary neutron fields gener-suited to (n,p) radionuclide production. However, the lower achievable flux from these generators limits their production capabilities. An additional complication is the relative paucity of high-quality, consistent cross section data for neutrons in the 2-3 MeV DD energy range.
The purpose of the present work is to explore the potential to use high-flux neutron generators to produce highspecific activity samples of radionuclides at the mCi level for local use in the application community. The research group at UC Berkeley has developed a High Flux Neutron Generator (HFNG) that features an internal target where samples can be placed just several millimeters from the neutron producing surface in order to maximize the utilization of the neutron yield for the production of a desired radionuclide [2, 3, 4] . The HFNG uses the D(D,n) 3 He reaction to produce neutrons with energies near 2. 45 MeV together with a self-loading target design to maintain continuous operation without target replacement. In addition to the generator itself, efforts are underway to design neutron reflection capabilities to allow scattered neutrons multiple opportunities to interact with an internally mounted target. While these design efforts are underway, the HFNG can be used to better characterize production cross sections at the appropriate neutron energy.
The present work features a pair of cross section measurements for the production of two emerging non-standard medical radionuclides: the positron emitter 64 Zn(n,p) 64 Cu and the single -photon emission computed tomography (SPECT) tracer 47 Ti(n,p) 47 Sc. 64 Cu (t 1/2 = 12.7 h) undergoes β + decay (61.5% branching ratio) to 64 Ni or β − decay (38.5% branching ratio) to 64 Zn [5] . The emitted short-range 190-keV β − particle makes this an attractive therapeutic radionuclide, which also has the possibility for simultaneous positron emission tomography (PET) imaging for real-time dose monitoring and verification. This makes 64 Cu particularly desirable for emerging radiation therapy protocols [6, 7, 8, 9] . In addition, copper radiochemistry is well developed, and many existing ligands and carriers may be used for selective delivery of the radionuclide to different sites in patients. The second radionuclide studied, 47 Sc (t 1/2 = 3.35 d), undergoes β − decay to 47 Ti, emitting a high-intensity (63.8%) 159-keV gamma ray in the process [10] . This radionuclide is attractive as an emerging diagnostic isotope, due to the similarity of the emitted gamma ray to that of the well-established 99m Tc [11, 12, 13, 14] . Due to the short half-life (t 1/2 = 6.0 h) of and dwindling supplies of 99m Tc, 47 Sc stands poised as a potential solution to this shortage, due to its longer half-life and multiple production pathways without the need for highly enriched uranium [15] . In addition, when paired with 44 Sc, 47 Sc forms a promising "theranostic" pair for use in simultaneous therapeutic and diagnostic applications [16, 17] .
Current methodology in radiochemistry has shown recovery of upwards of 95% of produced 64 Cu [18, 19] and 47 Sc [20, 21, 22] from solid target designs, without the need for additional carrier. By expanding the base of efficient reaction pathways, great advances are possible in making production of medical radionuclides more efficient and affordable for those in need. It is this desire to improve the options available for modern medical imaging and cancer therapy which has motivated the campaign of nuclear data measurements for isotope production at the UC Berkeley HFNG.
Experiment

Neutron source
Neutron activation was carried out via irradiation in the High-Flux Neutron Generator (HFNG), a DD neutron generator at the University of California, Berkeley. This generator extracts deuterium ions from an RF-heated deuterium plasma (using ion sources similar to designs from the Lawrence Berkeley National Laboratory [4] ) through a nozzle, whose shape was designed to form a flat-profile beam, 5 mm in diameter. This deuterium beam is incident upon a water-cooled, self-loading titanium-coated copper target [2, 3] , where the titanium layer acts as a reaction surface for DD fusion, producing neutrons with a well-known energy distribution as a function of emission angle [23] . While the machine's design features two deuterium ion sources impinging from both sides of the target, only a single source was used in the present work. Irradiation targets are inserted in the center of the titanium layer deuteron target, approximately 8 mm from the DD reaction surface, prior to startup. Figure 1 displays a cutaway schematic of the HFNG. A 100 keV deuterium beam was extracted at 1.3 mA, creating a flux of approximately 1.3 · 10 7 neutrons/cm 2 s on the target.
Cross section determination by relative activation
The approach used in both measurements was to irradiate foils of zinc or titanium, which were co-loaded with indium foils in order to determine their (n,p) cross sections relative to the well-established 113 In(n,n') 113m In and 115 In(n,n') 115m In neutron dosimetry standards [24, 25] . Table 1 lists physical characteristics of each foil for the various irradiations. In each experiment, the co-loaded foils were irradiated for 3 hours at nominal operating conditions of 1.3 mA and 100 kV. After irradiation, the foils were removed and placed in front of an appropriate High-Purity Germanium (HPGe) gamma-ray detector and time-dependent decay gamma-ray spectra were collected. One cm diameter, 1-mm thick natural abundance zinc and titanium targets were employed for the measurement. Each of these was co-loaded with a natural abundance Indium foil of 1 cm diameter and 0.5 mm thickness in a recess cut into a 2-mm thick polyethylene holder, as seen in Figure 2 , which was mounted in the HFNG target center. Prior to loading, each foil was washed with isopropanol and dried, to remove any trace oils or residue that could become activated during irradiation.
Determination of effective neutron energy
The D(D,n) 3 He reaction at 100 keV lab energy produces neutrons with energies ranging from 2.18 to 2.78 MeV, over an angular range of 0-180°in the lab frame-of-reference with respect to the incident deuteron beam. This distribution has been well documented [23] and is shown in Figure 3 for 100 keV incident deuteron energy.
Since the samples are separated by only 8 mm from the DD reaction surface they subtend a fairly significant ( 17°) angular range in a region of high (approximately 1.3· 10 7 neutrons/cm 2 s) neutron flux. This stands in contrast to other measurements which feature collimated beams and significantly lower total neutron flux.
The Monte Carlo N-Particle transport code MCNP6 [26] was used to model the neutron energy spectrum incident upon target foils co-loaded into the HFNG (see Figure 4) . The neutron spectral distribution is also broadened by the temperature of the target. This gives rise to a slight difference in the neutron energy at the target location [3] , which has been included in our stated energy window. This spectrum, peaked around 2. Figure 3 . Energy-angle distribution for neutrons emitted following DD fusion, for 100 keV incident deuterons [23] . forward-focused kinematics of the DD reaction subtended by the co-loaded sample foils. As expected, the production target is the dominant source of scatter -approximately 0.78% of the neutrons incident on the foils can be attributed to scatter in the neutron production target. While this shows that the sample foils experience a very narrow energy distribution of incident neutrons, an effective neutron energy window must be determined. The MCNP6 simulation shows an identical flux-weighted average neutron energy of 2.765 MeV for both the Indium and target foils to the 1 keV level. Due to geometry and the kinematics of DD neutron emission, E max , the maximum energy of a neutron subtending the target foils in this geometry is 2.783 MeV [23] . For this maximum energy, the number of reactions induced in a foil (containing N T target nuclei) is given by:
From this definition, it is possible to calculate F (E ), the fraction of total reactions induced by neutrons up to some energy E < E max :
This quantity F (E ) is plotted in Figure 5 . The fraction of total reactions in the indium foil can be used to characterize the effective neutron energy bin. Our approach, in analogy to the Gaussian quantity σ, will be to use a horizontal "error bar" to represent the energy range responsible for 68.2% of the reactions taking place. Using this approach, we report the effective energy bin as being E n =2.765
MeV. This 37-keV full-energy spread verifies that, at such close distances to the DD reaction surface, loaded target foils receive a quasi-monoenergetic neutron flux.
Measurement of induced activities
After irradiation, the co-loaded targets were removed from the HFNG and transferred to a counting lab, where their induced activities could be measured via gamma ray spectroscopy. Two detectors were used in this measurement. An Ortec 80% High-Purity Germanium (HPGe) detector was used for the detection of the positron annihilation radiation from the 64 Cu decay [5] , the 391 keV gamma-ray from the 113m In isomer [27] , and the 336 keV gamma-ray from the decay of the 115m In isomer [28] . An Ortec planar Low-Energy Photon Spectrometer (LEPS) was used for the detection of the lower-energy 159 keV gamma-ray from 47 Sc [10] as well as the two indium isomers mentioned above. Both detectors were calibrated for energy and efficiency, using 133 Ba, 137 Cs, and 152 Eu sources at various distances from the front face of each detector. These efficiencies, along with gamma ray intensities for each transition, were used to convert the integrated counts in each gamma ray photopeak into an activity for the activated isotopes and isomeric states.
The irradiated foils were counted in their polyethylene holder, 10 cm from the front face of the 80% HPGe and 1 cm from the front face of the LEPS, with the target foil (zinc or titanium) facing towards the front face of the detector when both target and monitor foils were counted simultaneously. All data collection was performed using the Ortec MAESTRO software. For each experiment the detector dead time was verified to be less than 5%. No summing corrections needed to be made since all of the gammas are either non-coincident or formed in a back-toback annihilation event.
For the 47 Sc production experiments, the foils were counted simultaneously using a planar LEPS detector. For the 64 Cu production experiments, the Indium foil was first counted separately using an 80% HPGe detector, to capture the short-lived Indium activities. This is due to the fact that the contaminant 115 In(n,γ) reaction results in the production of 116m In which has a 54 minute half-life and results in the production of 1097 keV (58.5% branching), 1293 keV (84.8% branching) and 2112 keV (15.09% branching) gamma-rays that in turn produce a significant number of 511 keV gammas from pair-production followed by annihilation [30] . The foils were counted together again after approximately 4 hours of separate collection, to allow for nearly all of the produced 116 In to decay. Example spectra for each production pathway can be seen in Figure 6a and Figure 6b .
To verify that each peak corresponds to the assigned decay product, spectra were acquired in a sequence of 15 -30 minute intervals. The resulting time series displayed in Figures 7a -7d allow the fitting of exponential decay functions for each nuclide and comparison of the measured half-life with literature values. The fitted functions for each transition agree (at the 1σ confidence level) with accepted half-lives [10, 5, 27, 28, 30] , confirming the respective peak assignments.
The spectra for each sample were summed and the net peak areas were fitted using gf3, part of the RadWare analysis package from Oak Ridge National Laboratory [31, 32] . The background-subtracted integrated counts in each photopeak, as well as the counting duration for each experiment, are tabulated in Table 3 .
Experimental verification of incident neutron energy
As shown in subsection 2.2 above, the effective neutron energy depends on the angle range subtended by the sample with respect to the incident deuteron beam. In order to determine this angle it is necessary to measure the lateral location of the beam with respect to the sample location. This centroid position of the beam was measured using a 3 x 3 array of 0.5 cm diameter indium foils. The relative activity of these foils was then determined via postirradiation counting of the 115m In isomer (t 1/2 = 4.486 h) [28] . Figure 8 shows the measured activities for these 9 indium foils. Based on these values we are able to verify that the beam was indeed vertically centered on the middle of the zinc and titanium samples, with a slight asymmetry of the neutron flux in the horizontal direction, accounted for in MCNP6 modeling of the energy-differential neutron flux. This small asymmetry likely contributes to the effective energy bin being lower than the 2.78 MeV expected for 0°n eutron emission angle in Figure 3 .
Calculation of measured cross sections
For a thin target consisting of N T target nuclei (with a reaction cross section σ Ē ), subjected to a constant neutron flux φ Ē , the rate of production (R) of the product nucleus will be:
If the target is subjected to this flux for an irradiation time t i and decays for a delay time t d (after end-of-beam) before gamma ray spectrum acquisition occurs for a counting time t c , then the number of product decays (N D ; with decay constant λ) during the acquisition will be:
If this decay emits a gamma ray with absolute intensity I γ (photons emitted per decay), and is detected with an absolute efficiency of γ (photons detected / photons emitted), then the number of observed gamma rays during the acquisition will be:
Solving this equation for the cross section results in:
Equation 6 can be used to determine the unknown (n,p) cross sections relative to the well-known 115 In(n,n') 115m In and 113 In(n,n') 113m In inelastic scattering cross sections since the Zn and Ti samples were co-irradiated with indium foils. This approach has a number of advantages since the result is independent of neutron flux and only depends on the relative detector efficiencies at each gamma-ray energy. Equation 7 shows the ratio of the cross sections determined using this approach, in which subscript P indicates a quantity for either 64 Cu or 47 Sc, and subscript In indicates a quantity for either the 113m In or 115m In isomer. A minor term was added to correct for the small self-attenuation of the gamma rays emitted by the activated foils:
where: . Example gamma spectra collected to monitor radioisotope production. (a) Gamma spectrum for the 47 Ti(n,p) 47 Sc production pathway foils, counted using a LEPS detector and (b) gamma spectrum for the 64 Zn(n,p) 64 Cu production pathway foils, counted using an 80% HPGe detector.
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• N γ is the integrated counts under a photopeak,
• σ is the cross section for either the production of a product or isomer [mb],
• N T is the initial number of target nuclei,
• λ is the decay constant [s • is the detector efficiency for a particular photopeak,
• I γ is the decay gamma ray absolute intensity [%],
• µ is the photon attenuation coefficient for a particular decay gamma ray in a foil [cm
• and x is the thickness of foil traversed by a particular decay gamma ray [cm] In addition to the 115 In(n,n') 115m In reference cross section, the 115 In(n,γ) 116m In (t 1/2 = 54.29 min [30] ) activity can be used to determine the 64 Zn(n,p) and 47 Ti(n,p) cross section. The capture activity is potentially subject to contamination from lower energy, especially thermal, "room return" neutrons since the (n,γ) cross section at 25 meV is approximately 2,000 times greater than at 2.7 MeV [24, 25] .
With the exception of decay constants and time measurement, which have negligible uncertainty compared to other sources of uncertainties in this work, each of the parameters in this model carries an uncertainty. Based on the assumption that these uncertainties are uncorrelated, the total relative statistical uncertainty δ σ is calculated by taking the quadrature sum of the relative uncertainties of each parameter δ i :
This total uncertainty is plotted as the cross section uncertainty in Figure 9 and Figure 10 .
Systematic uncertainties
The largest source of systematic uncertainty in the cross section determined via the "ratio approach" is the 2.586% uncertainty in the 115 In(n,n') 115m In cross section and the 1.447% uncertainty in the 113 In(n,n') 113m In cross section [24, 25] . An additional uncertainty arises from the fact that the Zn/Ti samples are not located at exactly the same location as the indium monitor foils, and are therefore not subject to precisely the same neutron flux. However, the MCNP6 simulations shown in Figure 4 indicate that the difference in the flux that the two foils are subjected to is less than 1%, negligible compared to other sources of systematic uncertainty. Other monitor foils could be used instead of indium, with 58 Ni(n,p) In isomers [28, 27] , respectively, make indium a better candidate for measuring the production of radionuclides with lifetimes much less than 71 days. The largest source of uncertainty in energy window arises from uncertainties in the actual dimension of the deuteron beam on the production target. We believe, based on "burn marks" on the neutron production target, that the beam was approximately circular, with a flat intensity profile and a 5 mm diameter. However, every 1 mm change in the beam radius would cause a 0.028 MeV shift in the centroid and a 0.053 MeV increase in the effective energy bin width, which places a natural limit on the reported effective neutron energy.
A much smaller systematic uncertainty arises from the fact that the two (n,p) cross sections and the reference In(n,n') cross sections have slightly different thresholds. The total activity in the In produced by the low energy neutrons (below the "knee" near 2.25 MeV in Figure 4 ) is 2.17%. The corresponding values from TALYS for the 64 Cu and 47 Sc activity are 0.24% and 0.85%, respectively. If we assume an uncertainty of ±25% in the TALYS calculations in this energy region it would introduce an additional systematic uncertainty in the +10 −20 keV effective energy bin of ±1.6 keV for 64 Cu and ±5.7 keV for 47 Sc. As these are smaller than the precision of the existing effective energy bin, they can be considered negligible.
Results
Using the ratio method described, the cross sections for the 47 Ti(n,p) 47 Sc and 64 Zn(n,p) 64 Cu reactions have been calculated for an incident neutron energy of E n =2.76
MeV. These values are recorded in Table 4 . Figures 9 and 10 64 Cu cross section measured in this work is consistent with other literature results, but with a smaller uncertainty (<5%). However, in the case of the 47 Ti(n,p) 47 Sc cross section, our results are consistent with the results from the Smith (1975) , Armitage (1967) , and groups [39, 45, 46] and both the ENDF/B-VII.1 [49] and TALYS [50] values, but significantly below the results from the Hussain (1983), Gonzalez (1962), and Shimizu (2004) groups [41, 44, 48] . Table 4 . Results of cross section measurement. Note that the last data point for the 47 Sc measurement (marked with *) was performed at a slightly different beam spot location, leading to a difference in effective neutron energy.
Reaction
σ(E n = 2.76 As mentioned above, the cross section can be obtained relative to both the inelastic scattering cross sections on 113 In and 115 In, and the capture of fast, unmoderated neutrons on 115 In. The result for the production of 116 In via the 115 In(n,γ) reaction was shown to be consistent with activation predominantly from the capture of fast neutrons, rather than from "room return" thermal neutrons. The MCNP neutron spectrum in Figure 4 confirms this -thermal and epithermal neutrons make up only 0.0771% of the total neutron population. This will be discussed in greater detail in the conclusion section below.
Discussion
The proximity of the target to the neutron production surface opens the possibility of performing a measurement of the cross section over a limited energy range via mounting the samples slightly off-axis with respect to the beam. This could be accomplished using the 9-foil sample holder described in subsection 2.5 above. Mounting samples at each of these positions would subject the samples to neutrons with energies ranging from 2.765 MeV at the central location to 2.616 MeV at the four corners, with the other locations having intermediate energy values. These sorts of multi-sample measurements could be used to determine the "rising edge" of the cross sections, aiding in the development of optical models for the reactants.
These measurements also highlight the possibility of using fast neutrons from DD and/or DT generators to produce meaningful quantities of radioisotopes for a wide range of applications via charge exchange reactions, such as (n,p) and (n,α). Many applications, including diagnostic and therapeutic medical use, require mCi activity levels. For the production of a radionuclide sample, the saturation activity (A saturation ) is achieved at secular equilibrium:
While the saturation activity represents the maximum activity that can be made at a generator with a given total neutron output, there may be situations where either a smaller activity is needed, or a shorter irradiation is desired. In this case, it is useful to introduce a neutron utilization factor (η x ). η x is the constant of proportionality between R n , the neutron source output (in neutrons/second), and the saturation activity:
η x represents the likelihood that a neutron produced in the generator will create x, the isotope of interest. It includes the overlap between the production target and the locus where the neutrons are being created, and the fraction of nuclear reactions which generate the desired activity x:
whereσ x is the average cross section producing the radionuclide of interest, ρ target (r) is the density of the target as a function of position, and φ (r) is the neutron flux (in n/cm 2 /s) as a function of position. η x allows us to cast the activity produced in a given irradiation time t i as: (12) Maximizing η x would be the goal of any engineering design to produce a desired activity using a neutron generator at a minimum of cost and radiological impact.
An optimal design for the neutron generator would also allow for the possibility of reflecting fast neutrons back onto the target to maximize their utilization for radionuclide production. This sort of "flux trap" has been used for the production of radionuclides in reactors, but has not to date been optimized for use with fast neutrons at DD and/or DT neutron sources. The HFNG, with its self-loading target and "flux trap" geometry, has many features that make it well-suited for such isotope production purpose. Switching to DT operation would dramatically increase the flux as well as the production cross section, since (n,p) tends to be significantly larger at 14 MeV. However, the higher neutron energy would also open the (n,pn) channels. In the case of 47 Sc, this would lead to the presence of 46 Sc (t 1/2 = 83.79 d [51] ) in the sample, which might pose some concerns for medical applications. However, this is not an issue for 64 Cu since the (n,pn) channel leads to the production of stable 63 Cu.
Assuming a neutron flux of 1.3 · 10 7 neutrons/cm 2 s on the target, masses of 0.533 g of natural zinc and 0.337 g of natural titanium, and cross sections of 47.5 mb for 64 Zn(n,p) 64 Cu and 26.26 mb for 47 Ti(n,p) 47 Sc, theoretical saturation activities for current operation at the time of this work are estimated to be 1.5 kBq of 64 Cu and 0.11 kBq of 47 Sc. This falls short of the mCi (37 MBq) level required for commercial application by a factor of 3-4 orders of magnitude, but with the operation of the second deuterium ion source, increased current, and fast neutron reflection, this goal may well be within reach. By increasing the activation target thickness to 1 cm (a factor of 10), switching to DT operation (a factor of 80), increasing current and running the second ion source (a factor of 60), and relying upon the higher (n,p) cross section at DT energies (a factor of approximately 3), we believe saturation activities of approximately 6 mCi of 64 Cu and 0. This falls approximately 4 orders of magnitude short of the η x ≈ 0.37 needed for mCi-scale production. A factor of 10 in η x could easily be gained through use of targets 1-cm in thickness without worry of contaminating reaction channels opening up, but η x gains beyond this will require modification of operation conditions.
Conclusion and Future Work
Using activation methods on thin foils, the 47 In addition, the production of the 116 In via the 115 In(n,γ) reaction was close to the value one would expect given an effective incident neutron energy of 2.45 MeV. While this is not consistent with the average neutron energy at the target location (2.76 +0.01 −0.02 MeV), the fact that it was close indicates the paucity of thermal neutrons in this central location. This in turn highlights the usefulness of such compact DD-neutron sources for producing "clean" activities via the (n,p) channel. The use of DD neutron generators can be an efficient method for the measurement of lowenergy (n,p) reaction channels, as well as a relative method used to normalize measurements at higher neutron energies. In addition to improving the value of these measurements for nuclear reaction evaluation, our results highlight the potential use of compact neutron generators for the production of radionuclides locally for medical applications.
It is worth noting that at the time of publication, the HFNG is now operating at close to 10 9 n/sec, with a clear path towards 10 10 . Future work will involve the continued measurement of the (n,p) production cross sections for various other emerging therapeutic and diagnostic radioisotopes, to expand the toolset of options available for modern medical imaging and cancer therapy. This will focus on radionuclides which permit more customized and precise dose deposition, as well as patient-specific treatments.
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